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Background

In January, 1980, NASA-Ames Research Center awarded a research grant to
Virginia Polytechnic Institute and State University (Virginia Tech). The ob-
jective of this research was to examine the sensitivity and intrusion of a
wide variety of workload assessment techniques in simulated piloting tasks.
The study employed four different piloting tasks emphasizing psychomotor, per-
ceptual, mediational, and communications aspects of piloting behaviors. An
instrumented moving base general aviation aircraft simulator was used for the

study. This document provides a summary of the research.
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I. INTRODUCTION

The increasing complexity of aircraft systems and the changing roles of
pilots and other aircrew personnel have resulted in the need for techniques
to measure operator workload in a wide range of situations and tasks. One
need only initiate a preliminary survey of the literature on operator workload
assessment techniques to discover that a mass of information has accumulated
rapidly in the past two decades. However, major reviews of this literature
have concluded that while workload research has advanced in both scope and
technology, basic questions have gone unanswered for the practitioner who
wishes to select workload measures for a given application. It has been
pointed out by Wierwille and others that, in particular, the?e is a lack of
information on relative sensitivity and intrusion of individual techniques.
Without this information it is difficult to select appropriate estimation
techniques for a given task.

The purpose of this research, performed at Virginia Tech, has been to
help £i11 the need for practical information. Specifically, techniques for
measurement of pilot workload have been selected and compared to determine
their relative sensitivity and intrusion. Sensitivity can be defined as the
relative ability of a workload estimation technique to discriminate statis-
tically significant differences in operator loading. High sensitivity re-
quires discriminable changes in score means as a function of load level and
low variation of the scores about the means. Intrusion can be defined as an
undesirable change in the task for which workload is being measured, resulting

from the introduction of the workload estimation technique or apparatus.



Prior to this research study, there had been no definitive major effort
aimed at sensitivity and intrusion. As a result, progress in determining
which workload estimation techniques should be used in a given application
was slow. The danger is that insensitive techniques may be used in a given
application. These techniques would show no substantial change in comparative
workload conditions, whether or nat there is in fact a difference.

Four separate experiments were run under the grant. In the first study,
psychomotor behavior was emphasized byhaving instrument-rated pilots perform manual
ILS landing tasks in an aircraft simulator. In the second study, mediational
behavior was emphasized by having pilots solve navigational problems presented
on a display while maintaining a specified course, altitude, and airspeed. 1In
the third study, perceptual behavior was emphasized by having pilots detect
and identify instrument-indicated danger conditions while also maintaining spe=-
cified course, altitude, and airspeed. And, in the fourth study, communica-
tions behavior was emphasized. 1In this study, pilots had to recognizg and
respond correctly to their own call sign and certain variations of their call
sign while carrying out specific detailed commands from a simulated ground
controller.

The four experiments conducted under the grant were designed to cover
the major activities aircrew members perform, not so much in terms of details,
as in terms of general categories of activities. In fact, the four studies
were designed to emphasize the four major activities shown in the "Universal
Operator Behaviors" listing of Berliner, Angell, and Shearer (1964)*, that is,

psychomotor, mediational, perceptual, and communications (Table 1).

*Berliner, C., Angell, D., and Shearer, D. J. Behaviors, measures, and in-
struments for performance evaluation in simulated environments. Paper pre-
sented at the Symposium and Workshop on the Quantification of Human Perfor-
mance, Albuquerque, New Mexico, 1964.
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Table 1

Classification of Universal Operator Behavior Dimension
(After Berliner, Angell, and Shearer, 1964)
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When-the project was initiated, it was recognized that meaningful results
could only be obtained if moderately realistic flight tasks were used. Ac-
cordingly, a Singer-Link GAT-1B general aviation flight simulator was obtained.
The cost of a new device was prohibitive. So, a used one was found, purchased,
installed, and refurbished. This represented a major task, but nevertheless
saved a great deal of momey. When the simulator refurbishment was complete,
the simulated aircraft could be trimmed. With hands and feet off the controls,
the simulated aircraft would very slowly drift off course, as in a real air-
craft. The "drift test" is a good one to use to insure that all dynamic as-
pects of the simulator are correct. An imbalance in a power supply or pick-
off potentiometer output will make low-drift trimming impossible. The "drift-
test" also insures that the "workload" conditions imposed on the pilot are
indeed those imposed by the experimenter over the trimmed aircraft. Figure 1
is a close-up view of the simulator cockpit with a subject performing a flight
task while wearing physiological sensors.

In addition to the simulator itself, methods had to be devised to obtain
and record a wide variety of workload estimation measures. Because Virginia
Tech already had a vehicle simulation laboratory, the "raw material' for ob-
taining the measures already existed. After the simulator refurbishment was
completed in the laboratory, the simulator was intercomnected via hanging
cables and slipring interconnectiﬁns to an EAI-380 hybrid computer and other
specific circuitry and equipment. Figure 2 shows the overall experimental
setup, with the computational equipment in the foreground and the simulator
in the background. Changes were made in programs and other equipment to ac-
éommodate each of the four experiments. The approach worked quite well and

eliminated the need for large investments in digital equipment and software.



Figure 1. Cockpit of the simulator with pilot/subject wearing physiological
sensors.



Figure 2.

Overall view of the simulation facility with the experimenter's
station in the foreground and the simulator in the background.




In general, the research results of the project have shown that sensi-
tivity of various workload estimation techniques varies widely. Some twenty-
five techniques were examined during the course of the investigation.

As a class, physiological techniques did not demonstrate sensitivity to
any appreciable extent in our studies, Heart rate, heart rate variability,
respiration rate, and pupil diameter were among thé techniques tested. Heart
rate, respiration rate, and pupil diameter each showed a small amount of sen-
sitivity in only one (each) of four experiments. It should be remembered,
however, that in all cases the pilot-subjects were fresh and p:acticed. Phys-
iological measures might be more helpful in‘accessing "stress and strain" over
many hours of time on task.

In the spare mental capacity category, time estimation was found to be
sensitive in three out of four experiments. It appears particularly well
suited to assessment of the perceptual and mediational components of workload,
but is also somewhat sensitive to psychomotor load. Michon tapping regularity
was found sensitive only to perceptual load. Other arithmetic logic and
shadowing secondary tasks were found insensitive to psychomotor load.

Properly selected primary task measures were found sensitive in each of
the four experiments. In fact, these measures are, as a group, the most sen-
sitive. In the psychomotor experiment, the measure of control movements per
unit time was highly sensitive to loading. In the perceptual experiment, time
to detect and identify danger conditions was sensitive, and in the mediational
experiment, a similar measure of response time was sensitive. In the commun-
ications experiment, numbers of errors of ommission and commission were sensi-

tive. The results for primary task measures contradict the commonly held be-



lief that such measures are not sensitive to load. Our experiments show that
if the measures are properly selected, they are highly sensitive to load.

In the opinion group, rating scales in general showed sensitivity in all
four experiments. However, decision~tree rating scales appeared somewhat
more sensitive than other types. In particular, the Cooper-Harper (CH) and
Modified Cooper-Harper (MCH) scales, though simple, were as sensitive or more
sensitive than others. The WCI/TE (Workload-Compensation-Interference/Tech=-
nical Effectiveness) scale was sensitive in the psychomotor experiment, and
the Multi-Descriptor scale was partly sensitive in the perceptual and commun-
ications experiments. |

We believe that the project has been sucqessful‘in determing which kinds
of measures are sensitive to which kinds of load. And, since the simulator
environment used for the experiments was quite realistic, the results appear
to have face validity.

The remainder of this document is composed of four technical papers, one
describing each of the four experiments. The papers describe the experimental
conditions and the results of the sensitivity and incrusion analyses.

Following the four technical papers is a listing of publications generated
during the project. Included in the list are the four above cited papers plus
several others. The thesis and dissertations listed contain the most complete
descriptions of each of the first three experiments. The communications ex-
periment is most completely described by the paper included in this report.

The thesis and dissertations are available through the normal library channels.
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THE SENSITIVITY OF TWENTY MEASURES
OF PILOT MENTAL WORKLOAD IN
A SIMULATED ILS TASK

by

Walter W. Wierwille and Sidney A. Connor
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061

ABSTRACT

Twenty workload estimation techniques were compared in terms of their sen-
sitivity to changes in pilot loading in an ILS task. The techniques included
opinion measures, spare mental capacity measures, physiological measuras, eye
behavior measures, and primary task measures. Loading was treated as an inde-
pendent variable and had three levels: low, medium, and high. The load lev-
els were obtained by a combined manipulation of windgust disturbance level and
simulated aircraft pitch stability. Six instrumented-rated pilots flew a
moving-base general aviation simulator in four sessions lasting approximately
three hours each. Measures were taken between the outer and middle markers.

Two opinion measures, one spare mental capacity measure, one physiolog-
ical measure, and one primary task measure demonstrated sensitivity to loading
in this experiment. These measures were Cooper-Harper ratings, WCI/TE ratings,
time estimation standard deviation, pulse rate mean, and control movements per
unit time. The Cooper-Harper ratings, WCI/TE ratings, and control movements
demonstrated sensitivity to all levels of load, whereas the time estimation
measure and pulse rate mean showed sensitivity to some load levels.

The results of this experiment demonstrate the sensitivities of workload
estimation techniques vary widely, and that only a few techniques appear to be
sensitive in this type of ILS task, which emphasizes psychomotor behavior.

INTRODUCTION

One of the major problems in mental workload estimation is the lack of
available information on the sensitivity of various workload estimation tech-
niques [1,2]. When a researcher or human factors engineer needs to assess
workload in a given experimental situation, it is not clear which technique
or techniques should be used [3]. The danger is that insensitive techniques
may be used. If so, experimental results will show no differences in work-
load when in fact there are differences.

Sensitivity in regard to workload estimation can be defined as the rela-
tive ability of a given workload estimation technique to discriminate statis-
tically significant differences in operator loading. High semsitivity requires

10



discriminable changes in the score means as a function of load level and low

variation of the scores about the means. When sensitivity is defined in this
way, it becomes subject to experimental determination. Based on experiments

that emphasize specific operator behaviors, it should be possible to predict

which given techniques are sensitive.

‘An experiment directed at evaluating the sensitivity of workload estima-
tion techniques ina psychomotor task has been completed and is reported brief-
ly in this paper. An ILS piloting task was used for the evaluation. (For a
more detailed discription of the experiment and results, see reference [4]).

EXPERIMENT

Subjects

Six male instrument-rated pilots served as subjects in this experiment.

The flight time of the subjects ranged from 500 to 2700 hours with a mean of
1300 hours.

Apparatus

The primary apparatus in this experiment was a modified flight task simu-
lator (Singer Link, Inc., General Aviation Trainer, GAT-1B). The simulator
had three degrees of freedom of motion (roll, pitch, and yaw). Transulucent
blinders were used to cover the windows of the simulator to reduce outside
distractions and cues and to aid in the control of cockpit illuminationm.

Several modifications to the flight simulator were made for the experi-
ment. These modifications permitted primary task load manipulation, secondary
task operations, response measurement, and scoring. Primary task load manip-
ulation was accomplished by changing aircraft pitch stability and random wind-
gust disturbance level simultaneously. Three load conditions were developed:
low, medium, and high, as shown in Table 1. Table 2 provides a list of the
workload measurement techniques selected for inclusion in the present study.

Experimental Desigm

A complete 3 x 20 within-subject design was used for the sensitivity anal-
ysis. Load was the factor with three levels. Measurement technique (Table 2)
was the factor with twenty levels.

Workload measures from different techniques were taken simultaneously on -
some of the data collection runs. Only those measures which were not likely
to affect each other were taken simultaneously. Table 3 shows the scheme used
for combining different measurement techniques for data collection. The com-
bination of measurement techniques showm in the table was, to an extent, based
on previous investigatioms of workload. Hicks and Wierwille's { 3] study sup-
ported the combination in condition 2. The two rating scales were administered
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in separate measurement conditions to prevent the ratings onone scale from
biasing the ratings on the other scale. The secondary task measures were di-
vided among several conditions because of potential intrusion and interference.
Vocal measures were recorded from the two secondary tasks which required a
verbal response as per Schiflett and Loikith's [5] recommendatiom.

It should be noted that primary task measures were recorded om all sub=-
jects and on all data collection flights for the intrusion analysis. However,
only data from measurement condition 1 were used for the sensitivity anmalysis
of the primary task measures.

General Procedure

After receiving instructions, subjects flew nine familiarization flights
in the simulator. These flights weresimilar, but not the same as, the data
collection flights. All subjects flew the familiarization flights in the same
order. Steady crosswinds were introduced for each run, and subjects were
given heading correctionms.

After the familiarization session, the subjects participated in three data
collection sessions. The familiarization session and each data collection ses-
sion were held on a different day.

Each data collection session consisted of two sets of a warm—-up practice
flight and three data collection flights. The practice flight was the same as
the first data collection flight. Since the data collection flights were coun-
terbalanced, equal amounts of practice were provided for the low, medium, and
high load conditions. The data collection flights also contained steady cross-
wind conditions, for which the subject was given heading corrections. The pur-
pose of introducing steady crosswinds was to disguise the load conditionms,
thereby requiring subjects to fly-each flight as a separate entity.

Flight Task Procedures

The flight task in this experiment was an ILS approach in the Singer Link
GAT-1B aircraft simulator. Prior to the beginning of a flight, the simulated
aircraft was positiomed on the ground 5 miles outbound from the outer marker on
the 108 degree radial, heading into the wind. When ready to begin, the experi-
menter informed the subject of the wind direction and speed, and gave him a
heading correction for the crosswind. When contacted by the experimenter, the
subject took off and climbed to 2000 feet. The subject then flew directly to
the outer marker by following the localizer at 100 miles per hour until the
glide slope was intercepted. Upon interception of the glide slope, the subject
reduced airspeed to 80 miles per hour and proceeded down the glide slope while
following the localizer to a landing. Data were recorded between the outer and
middle markers. For the opinion measures, subjects gave ratings for the flight
segment between the outer and middle markers immediately after landing and park-
ing the simulated aircraft.

12



RESULTS

The computed scores for each technique were first converted to Z-scores
(normalized scores) so that technique measure units would not affect the sen-
sitivity analysis. Subsequently, an overall analysis of variance was perform-
ed on the scores. Since Z-scores were used, a technique main effect was not
possible, A significant main effect of load was found, F (2,10) = 5,34,

P < 0.0001, and a significant load by technique interaction was found,
F (38,190) = 2,76, p < 0.05.

The load by technique interaction indicated that the measurement tech-
niques were differentially sensitive to load. Therefore, individual ANOVAs
were used to isolate the sensitive techniques.

The individual ANOVAs indicated that five of the twenty measures were
sensitive, They were the Cooper-Harper scale F (2,10) = 16.39, p = 0.0007;
the Workload-Compensation~Interference/Technical Effectiveness (SCI/TE) scale,
F (2,10) = 31.15, p < 0,0001; the time estimation standard deviation, F (2,10)
= 5,69, p = 0.022; the pulse rate mean, F (2,10) = 8.89, p = 0.006; and the
control movements measure, F (2,10) = 33.34 p < 0.0001., The normalized means
for each technique are plotted in Figures 1 through 5 as a function of load.

Newman-Keuls comparisons were then performed on the normalized means of
the sensitive measures. The comparisions included low vs. medium, medium vs.
high, and low vs. high load conditions. Results indicated that all differences
were significant at p < 0.05, except for pulse-rate mean (low vs. medium and
medium vs. high) and time estimation standard deviation (low vs. high).

A logical classification of techniques based on demonstrated sensitivity
was generated from an examination of the Newman-Keuls comparisons, as shown
in Table 4. Techniques which demonstrated sensitivity to all pairs of load
conditions (i.e., low vs. medium, medium vs. high, and low vs. high) were in-
cluded in class I. These measures are preferred over other techniques which
demonstrated only partial semsitivity, or no sensitivity in the present study.
Techniques which showed sensitivity to some differences in load conditions
(but not all) were included in class II., These measures are less preferred
than class I techniques, but are more preferred than class III techniques.
Class III techniques did not demonstrate sensitivity to load in the present

study. This class includes all techniques except those in class I and class
11,

One possible reason. that only five of the twenty workload assessment
techniques demonstrated sensitivity in the present study is that the other
techniques simply required a greater number of subjects to show a significant
effect of load. It is possible to estimate the sample size required to detect
a reliable load effect for a given workload assessment technique at specified
levels of significance and power. These calculations were performed for tech-
niques which did not demonstrate sensitivity in the present study, to provide
an indication of the practical costs of achieving statistical significance.
The procedure used for estimating the sample size required for finding sensi-
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tivity is described by Bowker and Lieberman [6]. Sample sizes were estimated
for a significance level of 0.05 and for a power of approximately 0.80. The
rasults of these estimates are presented in Table 5.

CONCLUSIONS

This study has shown that five measures of workload estimation were sen-
sitive indicators of load in a piloting task that is predominantly psychomotor
in nature. Another fifteen measures, believed to be "good" measures of work-
load, showed no reliable effect. The main conclusion that must be drawn from
the study is that few measures are sensitive to psychomotor load.

Of the five techniques demonstrating sensitivity, only three exhibited
monotonic score increases with load as well as statistically reliable differ-
ences between all pairs of load levels. Consequently, only the three meet all
criteria for semsitivity to psychomotor load. These class I techniques are the
ones that are recommended for measurement of psychomotor load:

Cooper/Harper ratings,
WCI/TE ratings, and
Control movements per second.

The other two techniques showed sensitivity to psychomotor load, but did not
discriminate between all pairs of load levels. These class II techniques are:

Time estimation standard deviation, and
Pulse rate mean.

These measures would be helpful in evaluating psychomotor load, but they should
not be relied on exclusively. At least onme class I technique should also be
used in conjunction with these measures.

It is worth noting that only two opinion measures were taken in the present
experiment, and both proved sensitive. This suggests that well-designed rating
scales are among the best of techniques for evaluating psychomotor load. 1In
regard to the primary task measures, the control movements measure alone was
sensitive. However, this measure is also the only primary task measure which
reflected "strategy" of the pilot. Consequently, one could speculate that se-
lecting a primary task measure that reflects strategy will most likely result
in good sensitivity.

Fifteen (techniques) measures showed no reliable change as a function of
load. When these fifteen measures were subjected to a power analysis to deter=-
mine sample size, the number of subjects required ranged from 12 to well over 100
(Table 5). One can only conclude that at best the fifteen measures, as taken,
are nuch less sensitive to psychomotor load than the five appearing in Classes I
and II. Of course, there is always the possibility that the measures would be
sensitivite to locading along other dimensions of human performance, such as

psychomotor tasks of a different nature, or mediational or cognitive tasks, for
example,

14



In general, the results of the experiment show that there are wide vari-
ations in the sensivity of workload estimation measures., Great care must be
taken in selecting measures for a given experiment. Otherwise, it is possible
that 0o changes in workload will be found, when indeed there are changes.
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TABLE 1

Primary Task Load Conditioms

LOAD CONDITION

Low Medium High
RANDOM GUST LEVEL Low Medium High
Estimated
Std. Dev. (mph) 0 2.7 5.9
PITCH STABILITY High Medium Low
a. Control input to pitch
rate output equivalent
gain (degrees/s per % .
of control range) 0.522 3.560 7.83
b. Control input to pitch
rate output equivalent
time constant(s) . 0.097 0.660 1.45

16



TABLE 2

Workload Assessment Techniques Which Were Tested in the
Present Experiment

OPINION
1. Cooper-Harper Scale
2. WCI/TE Scale

SPARE MENTAL CAPACITY

. Digit Shadowing (% errors)

. Memory Scanning (Mean time)

« Mental Arithmetic (% errors)

Time Estimation Mean (Seconds)

« Time Estimation Standard Deviation (Seconds)
. Time Estimation Absolute Error (Seconds)

o Time Estimation RMS error (Seconds)

WOV &~ W
L]

PHYSIOLOGICAL
10. Pulse Rate Mean (Pulses per minute)
11. Pulse Rate Variability (Pulses per minute)
12, Respiration Rate (Breath cycles per minute)
13, Pupil Diameter (Normalized units)
14, Voice Pattern (Digit Shadowing Task)
15. Voice Pattern (Mental Arithmetic Task)

EYE BEHAVIOR
16. Eye Transition Frequency (Transitions per minute)
17. Eye Blink Frequency (Blinks per minute)

PRIMARY TASK
18. Localizer RMS Angular Position Error (Degrees)
19. Glide Slope RMS Angular Position Error (Degrees)
20. Control Movements per second
" (Aileron + Elevator + Rudder)

17



TABLE 3

Combination of Measurement Techniques
for Data Collection

Measurement Condition

Measurement Techniques

1.

- oEn AEE TER S TEE wER sEE eEE GRS i YER AEE TEL TES WM ML MG IR ENS LI GEE TRR WML IS SWR sEm S e

Cooper~Harper Scale
Pupil Diameter

Eye Transition Frequency
Eye Blink Frequency
Localizer RMS Error
Glide Slope RMS Error
Control Movements

WCI/TE Scale

Pulse Rate Mean

Pulse Rate Variability
Respiration Rate

Digit Shadowing
Voice Pattern

Mental Arithmetic
Voice Pattern

Time Estimation
(Mean)
(Std. Dev.)
(Abs. Error)
(RMS Error)

18



TABLE 4

Logical Classification of Techniques
Based on Demonstrated Semsitivity

Class I: Complete Sensitivity Demonstrated
Cooper-Hlarper Scale :
WCI/TE Scale
Control Movements/Unit Time

Class II: Some Sensitivity Demoustrated
Time Estimation Standard Deviation*
Pulse Rate Mean**

Class III: Sensitivity Not Demomstrated
All Other Techniques (See Table 5)

*Double valued function
**Limited sensitivity
TABLE 5

Estimated Sample Sizes Required for Achieving a Significant
Load Effect for Techniques not Demonstrating Sensitivity

Technique Estimated Sample Size

SPARE MENTAL CAPACITY

Digit Shadowing ' 18
Memory Scanning >100
Mental Arithmetic 25
Time Estimation (Mean) 53
Time Estimation (Abs. Error) >100
Time Estimation (RMS Error) 53
PHYSIOLOGICAL
Pulse Rate Variability 45
Respiration Rate 15
Pupil Diaméter >100
Speech Pattern (D. Shadow.) _ 28
Speech Pattern (M. Arith.) >100
EYE BEHAVIOR
Eye Tramsition Frequency 42
Eye Blink Frequency ' 25
PRIMARY TASK
Localizer RMS Error 12
Glide Slope RMS Error 41

19
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Figure 1. Mean normalized scores for the Cooper-Harper rating scale measure
plotted as a function of load.
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Figure 2. Mean normalized scores for the WCI/TE rating scale measure plotted
as a function of load.
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Figure 3., Mean normalized scores for the time estimation standard deviation
measure plotted as a function of load.
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Figure 4. Mean normalized scores for the pulse rate mean measure plotted as a
function of load.
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EVALUATION
INTRUSION

OF
OF

THE
WORKLOAD

SENSITIVITY  AND
ESTIMATION

TECHNIQUES IN PILOTING TASKS EMPHASIZING
MEDIATIONAL ACTIVITY

M.

Rahimi and W. W. Wierwille
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ABSTRACT

In this experiment, pilots flew an
instrumented moving-base simulator.
Mediational locading was elicited by having
them solve a variety of navigational
problems. The problems were sorted into
low, medium, and high load conditions
based on the number and complexity of
arithmetic and geometric operations
required to solve them. Workload
egtimation techniques based on opinion,
spare mental cagacity, primary task
performance, and physiological measures
were obtained and compared. This paper
describes: 1) the ability of the
techniques +5 discriminate statistically
between the three levels of loading
conditions, and 2) changes in primary task
performance caused by introduction of the
workload technique procedures and
eguipment.

INTRODUCTION

Over the past thirty vyears, a large
body of literature has been accumulated on

operator mental workload estimation
technigues 1,2,3.4,5, and 8). In
designing new aircraft systams or
modifying the existing ones, it is
becoming imperative for <the cockpit or

system engineer to consider <total mental
workload demands placed on the aircrew.
Therefore, accurate measurement of aircrew
mental workload is a necessary part of an
optimum aircrew/aircraft design. To
select a technique Ior measuring aircrew
mental worklocad in a given <task, the
folleowing attributes should be included
(8):

1. The technique should be well suited to
the speciiic task situation.

2. The technigue should accurately and
reliably assess workload, that is, i<
should be sensitive.
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3. The introduction of the technique
should not significantly change the
behavior of the operator/vehicle system,

that is, it should be nonintrusive.

In this study a technique is said to be
sansitive if it discriminates
statistically between differencss in
operator loading requirements of an
assigned task.

Also, a technique is said to be
intrusive if significant primary <task

performance degradation is cbserved due o
the use of the techrnigue and associated
equipments.

In the present experiment, the
following eight mental worklocad technigues
were compared with the goal of evaluating
their sensitivity and intrusien to a
mediationally emphasized piloting task in
a moving base aircraft simulator. Two
techniques from each of the four
categories suggestad by Wierwille and
Williges (6) were included:

Gpinion
1. Modified Cooper-Harper rating scale
2. Multi-descriptor rating scale

Spare Mental Capacity
Secondary task measures:
3. Time estimation

4. Tapping regqularity

Primary Task Measures
£. Mediational reaction time
6. Control movements per unit time

Physiclogical Measures
7. Pulse rats variability
8. Pupil dilation

Cpinion measures (=.g., rating scales)
assume that an cperator's opinion (e.g.
rating) of perceived task loading is
directly provortional ¢o th operator's
actual task loading. Amcng the different
forms of c¢pinicn measures, rating scales



have been used frequently and
successfully. One rating scale which has
received considerable application in pilet
mental workload estimation is the Cooper-
Harper rating scale. The Cooper-Harper
rating scale was designed for assessing

nandling qualities of aircraft. The
authors modified the scale to match a
mediationally emphasized piloting task.

The second rating scale used in this study
was a multi-descriptor bipoclar adjective
(semantic differential) rating scale. The
six component scales used (attentional
demand, ifficulty, error level, task
complexity, mental workload, and stress
level) take into account the multi-
dimensionality of pilot mental workload.

Spare mental capacity is a measure of
the difference between the mental capacity
required to perform a given task and the
zotal capacity of the operator (7). The
important assumptions associated with this
concept are: (a) <the operator 1is a
single~channel system, (b) the channel has
a fixed capacity, (¢) the capacity has a
single metric by which any task can be

measured, and (&) the constituents of
workload are linearly additive.
Maintaining these assumptions, the
operator's spare mental capacity

supposedly decreases as his/her workload
increases. Several approaches have been
used to measure spare mental capacity.
This study used two techniques £rom the
secondary task approach. The two
techniques were tine estimation and
tapping regularity. In theory, the degree
of accuracy with which individuals perform
a concurrent secondary task is a potential
measure of primary task mental workload.

3ased on tThe <Time egtimation measure,
variability (standard deviation) of a
subject's estimates of time (e.g., 10
second intervals) increase with an

increase in grimary task mental workload.

Based on the <tapping regularity measure,
the regular:is with which a subject
successively moves nis/her limb (e.g.
tapping a finger or a foot to depress a
swictch) decreases with an increase in
Trimary task mental workload.

Primary task measures are those
measures wnich are obtained £from the main
or *he instructed task. It is

hypothesized that the increase in operator
mental workload would be accompanied by a
change or degradation of operator task
performance. The primary task measures
selected for this study were designed to
reflect the mediational loading changes
(reaction time to the mediational por<tion
of the piloting task) and strategy changes
of the pilots in controlling the aircraf:
simulater (number of control movements per
ynit time).
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Physioclogical measures are
measures which are reflective
involuntary physiological changes (e.g.,
circulatory system changes), when the
operator experiences increasing workload.
The two measures selected in this group
were pupil dilation and pulse rate
variabilivty. It is hypothesized that
pupil diameter and pulse rate variability
decrease as mediational workload
increases.

those
of

METHCD

This experiment was performed in a

GAT-1B moving base aircraft simulator.
The simulator was modified to allow
workload evaluation. An EAI-380 hybrid
computer and other spaecial purpose
circuitry were interconnected with <the
simulator.

The primary task used for this study
was to ascend in the aircraft simulator <o
2000 feet, cruise at the altitude of
2000(+/~100) feet while maintainin an
airspeed of 100(+/-10) mph, and hold a
heading of 0(+/-10) degrees. Within the
straight-and-level portion of the flight,
subjects were presented with a series of

slides on an Ektagraphic projector seen
through the windscreen, containing
navigational problems (mediatzicnal
loading). These slides were prescrted
into low, medium, and high difificulcy
prcblems based on <he number and
complexity of arithmetic and geometric

operations required to sclve them.

The experimental design for sensitivity
analysis was a complete Load by Technigque
factorial design. Load (low, medium, and
high) was a within-subject variable and
Technique (eight levels) was a betwaeen-
subjects variable. Six subjects were used

for each technique and the order of
presentation oZ the three load levels was
completely <counterbalanced across the
subjects. for intrusion analysis, £ive
primary task dependent measures were
obtained in ail eight technicue
conditions. The five primary task
measures obtained were designed To

evaluate different aspects of primary task
performance. They were 1. percent error
of the mediational (slide) problems, 2.
reaction time to the mediational problems,
3. pitch high-pass mean-squared (PHPMS)
arror, which is a measure of pitch control
accuracy, 4. roll high-pass mean squared
(RHEPMS) errcr, which is a measure of roll
control accuracy, and S. number of control
novements per second. The experimental
dasign for intrusion analysis was the same



as the sensitivity analysis design matrix,
except, five primary task measures were
obtained in each cell for each technigue
condition.

The subjects were private pilots.
Approximately equivalent cross-sections of
experience levels were used for each
technigue. This was accomplished by
selecting pilots based on preliminary
Questionnaire data. The average £light
time per pilot was 317 hours. They flew
one practice flight and three experimental
flights fcr data collection. Most of the

scores were computed on-line via the
hvbrid computer and special purpose
circuitry. The remainder wers computed

shertly after all runs were completed.

Sensitivity Analysis

The
matrix

raw scores in the sensitivity data
were standardized (z-scored) %o
detect -“rue differences in the techniques,
rather than scaling value differencas. An
overall ANOVA was performed on the 2z-
scores. A significant main effect of load
was found, £(2,80)=20.36, p<0.0001;
therefore, the manipulation of load was
effective. Also, a significant load by
technique interaction was found,
£(14,80)=3.358, p<0.0001. Therefore,
gscoras of some techniques were more
responsive to changes in load than others.
To isolate those techniques which
contributed to the interaction effect,
eight individual ANOVAs were performed,
one for each technidque. In the c¢pinion
measure group, the modified Cooper-Harper
scale showed a significant effect of load,
F(2,10)=14.83, p<0.001 (Figure 1). It
should ke mentioned <that, while not
significant, the multi-descriptor scale
did exhibit a monetonic trend,
F(2,10)=2.97, »=0.068. In the spare
mental capacity group, the time estimation

measure showed a significant effect of
load, F(2,10)=11.39, p<0.001 (Figure 2).
In the primary task measurs group, the

mediational reaction time showed a
significant effect of load, F(2,10)=55.95,

p<0.0001 (Figure3). And, in the
physioclogical measures group, neither
measure showed a significant effect of
load.

Tor techniques failing ¢t> demonstrate
sensitivity, a statistical power analysis
was perZormed to estimate the number of

subjects required to detact a reliable
load effect. A technique requiring a large
number of subjects to demonstrate

sengitivity would not be cost-effective to
implement irn an operational environment.
The nulti-descriptor rating scale required
16 subjects and the other four required
more than 100 subjects.
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For the sensitive technigques, Newman-
Keuls multiple compariscns tests were
performed to determine the locus of the
effect of load on the <echnique z-scores.
The results for the modified Cooper-Harper
scale showed that there was no significant
difference between low and medium loading

z~-scores. But, significant differences
were found between low and high, and

between medium and high locading z-scores.
The results for the mecdiational reaction
time measure indicated that the
differences bYbetween all pairs of means
were statistically significant. Finally,
the results for the time estimation
measure indicated <that a significant
differsnce axistad between the z-scores of
low compared with medium and high loading.
But, no difference was detected between
medium and high loading z-~scores.

On the basis of <these results, the
mediational reaction time was classified
as completely sensitive %o the piloting
task. The modified Cooper-Harper scale
and time estimation measurss were
classified as partly sensitive and the
remaining five techniques as nonsensitive
to the mediational loading task.

Intrusion Analysis

The purpose of this anaiysis was
investigate possible interference
equipment and procedures used
estimating pilot mental workload
performance on the primary <£light
in this experiment, orimary
performance is composed of
task measures: 1) percent
mediational problems, 2)
the mediational precblems,
pass mean-sguared error,
mean-squared error, and S) number ofFf
centrol movements per secong. The eignt
technigque measurement conditions were the
same conditions used in the sensitivity
analysis except for the two primary task
conditions, which were called control
conditions Cl and C2. It is assumed that
the equipment and procedures used in the
Cl and C2 conditions were not intrusive
ugon <he Primary cask perfcrmance.
Therafore, Cl and C2 were used as
standards for comparing intrusion cof <the
other six measurement conditions.

to
of
for
with
task.
task
five primary
error of the
reaction time <o

3) pitch high-
4) roll high-pass

A MANCVA was pericrmed to determine
whezher the five primary <ask measures (as
a group) were affected Dby different
techniques used in this experiment. The
main effact of technigue was significant
using the Wilk's Criterion,
F(35,153)=1.72, p=0.0125.



To isolate which primary task measure

was particularly affected by the
introduction of different techniques, five
individual ANQVAS were performed, one for
each primary task measure. only two

ANOVAs showed significant main effect of
technique. The main effect of technigue
was significant for the mediational error
rate measure, F(7,40)=3.91, p=0.0025; and
for the mediational reaction time measure,
F(7,40)=3.36, p=0.0065.

To determine which techniques were
contributing te the intrusion, Duncan's
multiple comparisons tests were performed
on the mean scores for mediational error
rate and mediational reaction time.
Compariscons of the mean mediational error
rate scores for the eight technique
conditions showed that the scores for the
time estimation technique were
significantly higher than all of the other
technigues. The mean mediational error
rate = scores for other taechniques
(including cl and c2) wers not
significantly different. The second set
of Duncan's tests was performed on
mediational reaction time scores for the
eight technigque conditions. The results
indicated that again <time estimation
technique rad significantly larger mean
scores than the other five <technigues
(including Cl and C2). Also, the pulse
rate variability technique had
significantly larger mean scores than
three other <techniques (including only
c2l).

Cn the basis ¢f the results
intrusion analysis, the tirme estimation
tachnique was considered to be
substantially intrusive (on two of the
£ive primary task measures).
Additionally, the pulse rate variabilicty
technigue was found to be partially
intrusive (on only one primary ctask
measure).

of the

SUMMARY

A measure of the amount of <time
required teo soive the mediational portion
of a piloting task seems to be the best

measure of pilot mental worklocad in
pileting tasks empnasizing mediational
activity. Also, the technique of asking

the pilots "how mentally loaded they are",
in a systematic £format, appears to be a
desirable alternative. A modified Cooper-
Harper scale was sensitive in two out of

three locad comparisons, and a multi~
descriptor scale exhibited an increasing
trend. The <time estimation (standard

deviation) technique appears sensitive ¢to
mediational lecading, but its procedures
and eguipment intrude on the pilots’
orimary task perfcrmance. The results of
this experiment demonstrate =hat only

27

certain measures are sensitive to
mediational loading. These results

parallel those of Wierwille and Connor
(8), who worked with psychomctor tasks.
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ABSTRACT

There are many £light task situa-
tions in which perceptual activity on the
part of the pilot or aircrew member is
emphasized.

Unfortunately, the sensitivity, that
is, the relative ability of conventicnal
workload estimation techniques to dis-
criminate between perceptual load levels,
is largely unknown. Similarly, the in-
trusion caused by employing workload tech-
nigues is unknown., Because of this lack
of basic knowledge, an experiment compar-
ing several workload techniques was con-
ducted in an instrumented GAT-1B £light
simulator.

The initial sensitivity and intru-
sion results of the experiment are report-
ed in this paper, and a relative categor-
ization of techniques is presented, based
on demonstrated sensitivity.

INTRODUCTION

Numerous methods, test instruments,
and analytical techniques have been pur-
ported as useful in the assessment of
pilot/aircrew mental workload in flight-
related tasks. This body of knowledge is
the subject of several recent overviews,
e.g., (1], (2], [3], [4].

A review of this literature revealed
that little research effort has been di-
rectly applied to the problem of specify-
ing a viable workload estimation technique
for a given pilot/aircrew problem., Fur-
thermore, the relative sensitivity and
intrusion of most techniques has not been
investigated. A sensitive workload esti~
mation technique Can be defined as one
which reliably discriminates differences
in mental loading requirements of a given
task. Intrusion refers to an undesirable,
artificial chance in primary task perfecr-
mance, solely due to the concurrent use
of an estimation procedure or associated
equipment. Intrusion is objectionable
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for two reasons. First, its presence
contaminates workload assessment because
primary task performance is altered and
the measured workload level may not be
representative of task requirements alone.
Highly intrusive techniques may also cre-
ate safety hazards.

The consequences of specifving anon-
optimal technique areconsiderable, First,
an estimation technique which is not re-
liably sensi+tive to shifts in mental load-
ing on a particular process may mask true
differences in workload. In an overload
or near-overload situation, an insensitive
technique could ultimately lead to accep-
tance of a hazardous procedure or design.

Research Obijective

In the research described herein,
eight workload estimation techniques were
comparatively evaluated under identical
experimental conditions in a flight simu=~
lator. The objective of this comparison
nrocess was to determine the relative
sensitivity and intrusion of each estima-
tion technigue 1n 3pplications to a pi-—
loting situation which empnasized the use

of pArceptuaLl preccesses.

Due to the breadth of pilot behav-
iors required during the numerous aspects
of flight, it would be difficult to in-
vestigate all four major categories of
universal operator behaviors (psychomotor,
perceptual, mediational, communicative) in
a single controlled experiment [5]. There-
fore, this investigation concentrated on
a single category: perceptual processes.

METHOD
Apparatus

All data were obtained in a Singer-
Link GAT~lB moving-base (pitch, roll, vaw)
£light simulator which had been modified
to enable collectiocn of workload estima-
tion measures. Measures were obtained
and processed on-line during eachflight
using an EAI-380 hybrid computer.



Experimental Design

1 Due to the dual objective of this
experiment, it was most efficient to col-
lect the two sets of data, one for sensi-
tivity andone for intrusion, simultanecusly.

Sensitivity design. A mixed, three=-

by-eight complete factorial design was

‘ used. Load level was the three-level
within-subject variable, Workload es-
timation technique was the eight-level
between-subjects variable. The use of six
subjects per technique (a total of 48 sub-
jects) enabled complete counterbalancing
of load level presentation order across
subjects. Five VFR-certified pilots and
one IFR-certified pilot were assigned to
each technique on the basis of their pi-
loting experience in hours. Equivalent

; cross-sections of experience levels were

represented in each technique.

Each pilot flew three experimental
flights in the simulator. A single load
level (low, medium, or high) was used in
: each flight. Load was manipulated by
varying the rate and number of "redline”
danger conditions presented on the oil
pressure, oil temperature, cylinder head
temperature, and fuel tank guages, and
also on a carburetor ice warning LED.
Subjects were instructed simply to detect

- the presence of a danger condition and
identify it by pressing a corresponding
pushbutton on the simulator instrument
panel. A correct response alleviated the
danger condition. No diagnosis or com-
pensation of danger conditions was neces-—
sary, as their presence were instrument
indications only and in no way affected
aircraft performance. In the low load
conditions, only the danger condition of
carburetor icing was used. Icing occur-
red at an average rate of one every 54
seconds. The medium load condition was
limited to left and right fuel tank prob-
lems and carburetor icing, oc¢curring at an
average rate of one failure per 10 seconds.
In the high workload condition, danger
indications occurred at an average rate
of one per five seconds on all engine and
fuel instruments, in addition to carbure-
tor icing.

Eight worklcad estimation %technigues
were investigated in the sensitivity anal-
. ysis. Included were opinion measures
(Modified Cooper-Harper scale and Multi-~
Descriptor scale), secondary task mea-
sures (time estimatIon standard deviation

. and tapping regularity), physiologicail
measures (pulse rate variEBEIity and res-
piration rate), and primary task measures
(danger condition respouse timeanc aileron~
elevator-rudder movements)., The Modified
Cooper-Harper scale was a modified version
of the Cooper-iHarper (1969) handling qual-
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ities rating scale [6]. The Multi-
Descriptor scale tapped mental worklocad
on a number of hipolar dimensions which
were rated individually. Both rating
scales and associated instructions appear
in [7]. The experimental design for the
sensitivity analysis was univariate, uti-
lizing a single dependent measure called
"score." "Score" represented the value
obtained on each worklocad estimation tech-
nique. Between techniques, there were
differences in scaling values for the ob-
tained scores, such as breaths/min or
control movements/s; therefore, all scores
within a particular technique were con-
Verted to standard units (Z-scores) prior
to statistical analysis.

Intrusion design. The experimental
design for collection of intrusion data
was identical to that of the sensitivity
design, with the exception of the type of
dependent measure used. The intrusion

esign was nmultivariate. Four primary
task dependent measures were col-
lected concurrently with the sensitivity
dependent measure of "scorea" for each
technique. The intrusion dependent mea-
sures were danger condition response time,
control movements/s, and pitch and roll
high~pass mean square (with filter cut-
off frequency of 0.5 rad/s).

Experimental Task Procedures

Primarv flight task orocedure. The
"primary task"” refers to a particular seg-
ment of the experimental flight task dur-
ing which workload level was manipulated
and data were cobtained. An approximate
timeline showing the segquence of events
during an experimental flight is shown in
Figure 1.

The navigational control portion of
the primary task was invariant in diffi-
culty as load was varied solely via the
danger condition task. Pilots were in-
structed to maintain adequate performance
on all aspects of the primary task.

As shown in Figure 1, physioclogical,
secondary task, and primary taskmeasures
were all obtained over a five-minute in-
terval during each experimental £light
task. Rating scale measurements were ob-
tained immediately following the comple-
tion of the primary task, with the simu-
lator in the autopilot mode.

RESULTS

Sensitivity Analysis

Sensitivity ANOVA. After data re-
duction and conversionof scores tostan-




dard units, anoverall three-by-eight
(load-by-tachnique) analysisof variance
was performed. Asignificant maineffect
of load wasrevealed, F (2,80) =50.67,

p =0.0001, indicatingThat the method of
manipulating load level was indeed effec-
tive. Furthermore, and of immediate im-
portance to subsequentanalyses, a highly
significant interaction of load-by-
technique was revealed, F (14,80) =5.52,
P =0.0001, suggesting that estimation
techniques were differentially influ-
enced by the loading task. Of course,
due to the standarization procedure pre~
viously discussed, a maineffect of tech-
nique was notpossible, F (7,40) = 0.00,

p = 1.0000. -

Simple effects F-tests., The next
step in the sensitivity analysis was to
examine the load-by-technique effact to
determine which particular workload es-
timation techniques were sensitive to
changes in load. A Hartley's F-max test
revealed that the data were homogeneous,
F-max (3,10) =4.46, > 0.01; therefore,
simple effects F-tests were performed.
The simple effects tests revealed that
all techniques except pulse rate vari-
ability and control movements werereli-
ably sensitive to changes in loading on
the perceptual task. Because of the
large number of tests performed, only
p-values for the simple effects F-tests
are shown in column 4 of Table 1. Fur-
thermore, an examination of the means
revealed monotonic increases in mean
values across load for all significant
technigues.

Due to the ordinal nature of the
two rating scales, nonparametric Friedman
Rank Sum tests were performed in addition
to the parametric simple effects F-tests
on the scale data [8]. Again, signifi-
cant differences were found among load-
ing levels for the Modified Cooper-Harper
ratings, S§' (2) =10.000, p < 0.01, and
for the Multi-Descriptor ratings, §' (2)
= 8.8182, p < 0.025.

Duncan's tests. These multiple-
comparisons tests were employed to exam-
ine the locus and direction of the load
effect on each technique found signifi-
cant in the preceeding simple effects
tests., The number of loading levelsbe-.
tween which a workload estimation tech-
nique reliably disciminates is one in-
dication cf its relative sensitivity.
Pesults of the Duncan's tests are shown
in column 3 of Table 1. Categorization
of the techniques' relative sensitivity
to load is shown in column 2. If a tech-
nique showed a significant difference be-
tween all three loading levels then it
was assigned to category I. Techniques
which showed sensitivity within two pos-
sible pairs of loading levels consti-
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tuted category II. Category III tgch-
niques showed significant sensitivity
to only one pair, and category IV tech-
niques yielded no sensitivity at all.
Of course, the lower the category num=

ber, the more preferable the technique
was as a workload estimator.

Intrusion Analysis

Intrusion MANOVA. Due to the multi-
plicity of dependent measures, the intru-
sion data were subjected to a multivari-
ate analysis of variance procedure. With
the MANOVA, the Wilk's U criterion values
were obtained for all independenteffects.
These values were subsequently converted
to F-ratios, to facilitate testing for
significance and interpretation of the
data using common F tables.

The results from the MANOVA were as
follows., Load was the only independent
effect to show significance, F(2, 80)
= 43,94, p = 0.0001. This effect simply
demonstrated that the four primary task
measures, as a group, were reliably af-
fected by changes in load. This pro-
vided evidence in addition to the sensi-
tivity results that perceptual load was
effectively manipulated in the experiment.
The MANOVA load main effect, however, had
no bearing on the interpretation of the
intrusion analysis. If differential in-
trusion among technigques had indeed oc-
curred, it would have been manifested
as a significant technique effect or load-
by-technique effect in the MANOVA. How-
ever, because neither of these effects
approached statistical significance,
F(7,40) = 0.77, p = 0.7923, and F(14,80)
=1.14, p = 0.2480, respectively, intru-
sion apvearad not to have been a factor
in this study.

CONCLUSICNS

In the study described herein, the
relative sensitivity and intrusion of
eight different mental worklocad estima-
tion techniques were investigated in a
simulated flight task emphasizing percep-
tual load., WNo differential intrusion was
revealed but six of the eight technigques
(at least one from each major category)
did show sensitivity to changes in per-
ceptual locad. All significant technigues
displayed monotonic increases in measured
values across the three loading levels.

Both rating scale measures proved
to be quite useful. Thesa results reit-
erate those of others, (e.g., (9], (18],
[11] indicating that with highly-trained
populations such as pilots, rating scales
are sensitive measurement instzuments.



Both secondary task measures (time
estimation and tapping regqularity) ex-
hibited considerable sensitivity to per-
ceptual locad. The results are in general
agreement with those of others, such as
Hart {12], and Michon [13]. However,
these measures do not lend themselves to
full-scale aircraft application quite as
readily as the rating scales do.

From the results of the Duncan's
tests, respiration rate appears sensi-
tive to widespread changes in perceptual
load. However, when comparing the re-
sults from this study with others, (e.g.,
{9]1. [14]) it is apparent that respira-
tion rate is a highly task-specific mea-
sure,

In contrast, pulse rate variability
was not sensitive to changes in percep-
tual Idad in this study. There is some
previous research evidence that pulse
rate variability tends to decrease with
increased loading in flight-related tasks
emphasizing psychomotor behaviors (e.g.,
(15], [(16]). However, the results of the
present study coincide with the very re-
cent results of Connor [9], who reported
that heart rate variability did not re-
liably change as turbulence and aircraft
stability were varied in a flight task
emphasizing psychomotor load.

Finally, this study demonstrated
that primary task measures are also quite
task-specific and therefore must be se-
lected with task objectives in mind. Con-
trol (aileron-elevator-rudder) input fre-
quency measures were not affected by ine
cident perceptual load. However, the re-
sponse time measure, which directly re-
flected performance on the detection/iden-
tification aspect of the primary flight
task, was a most discriminating measure.
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1. Experimental flight task
procedural timeline.

TABLE 1
Relative Sensitivity Categorization of Techniques
1 2 3 4 3
Workload Estimation Sensitivity Load Level Pairs Simple effects I | Friedman
Technique Cacegory Discriminated at <0.05 (Duncan's) pevalue o=value
lowemediua | medium-high | low=high
v“edified Cooper-Harper Scale I X X X <0.00S <0.01
Multi-Descriptor Scale iz 'X X <0.00S <0.02%
Time Zstimation
Standard Deviation n x x «0.028 /A
Tapping Regularity I1 X X <0,.008 N/A
Pulse Rate
. v »0.10 N/A
Standard Deviation (not sig.)
Respiration Rate III X <Q.08 N/A
Danger Condition
Response Tinme T X X X <2.008 N/A
Control Movements-
. w >0.10 N/A
per-second (not sig.)
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A Comparative Evaluation of Rating Scale, Secondary Task, Physiological, and
Primary Task Workload Estimation Techniques in a Simulated Flight Task Empha-

sizing Communications Load.

JOHN G. CASALI and WALTER W. WIERWILLE, Virginia Polytechnic Institute and

State University.

Sixteen potential metrics of pilot mental workload were investigated in

regard to their relative sensitivity to communication load and their differ-

ential intrusion on primary task performance. A moving-base flight simulator

was used to present three cross-—country flights to each of 30 subject pilots,

each flight varying only in the difficulty of the inherent communications re-

quirements. With the exception of the rating scale measures, which were ob-

tained immediately post-flight, all measures were taken over a seven minute

segment of the flight task. The results indicated that both the Modified

Cooper-Harper and the workload Multi-descriptor rating scales were reliably

sensitive to changes in communications load. Also, the secondary task measure

of time estimation and the physioclogical measure of pupil diameter yielded

sensitivity. As expected, those primary task measures which were direct mea-

sures of communicative performance were also sensitive to load, while aircraft

control primary task measures were not, attesting to the task-specificity of

such measures. Finally, the intrusion analysis revealed no differential in-

terference bhetween workload measures.
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INTRODUCTION

The assessment of pilot and aircrew mental workload is a topic of crit-
ical importance. As a result, interest in workload méasurement has surfaced
ir the research literature of late. Workload issues have bearing on aircraft
certification, aviation safety, cockpit design, and aircraft tactical effec-
tiveness.

Mental workload requireménts placed on the pilot are quite variable and
difficult to bound. If requirements are moderately excessive, there may be a
measureable degraaacion in the performance of simple supportive tasks asso-
ciated with flying, suéh as routine communications or engine instrument mon-
itoring. Often, more imminent tasks will receive the focus of attention and
other tasks will be time-shared or even ignored completely. Mental overload

may further result in significant pilot errors in aircraft countrol, possibly

" culminating in an accident. Overload may occur instantaneously, or it may be

sustained. In any case, overwhelming the ﬁllot and aircrew with information
assimilation, processing, and action responsibilities is certainly undesir-
able, both from operational efficiency and safety standpoints. Recent ad-
vances in avionics and improvements in operating procedures have been directed
toward easing the load on the pilot and aircrew. Despite the impact and suc-
cess of these advances, the ultimate success of any flight mission is predi-
cated on the performance of a common denominator: the human pilot. For this
reason, the need for accurate empirical assessment of pilot mental workload is
particularly cogent.

The recent thrust toward mental workload quantification has resulted in
numerous measures, test instruments, and analytical procedures (collectively
termed “"workload estimation techniques”) purported as useful in pilot workload

assessment. Several recent summary reports have reviewed a variety of mental
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workload metrics (e.g., Butterbaugh, 1978; Roscoe, 1978; Wierwille and
Williges, 1978 and 1980). A review of these reports and related workload lit~-
arature reveals that while severall workload estimation techniques have been
investigated on an individual basis in relatively simplé laboratory tasks,
very little effort has been directed toward comparing the differential effec-
tiveness of a variety of techniques, in the assessment of incident workload
for given situations encountered 1in simulated or actual flight. As a result
of this research void, little basis has existed for selecting optimal esti-
mation techniques for a given flight problem, situation, or task., With this
in mind, a series of workload estimation technique comparison studies were
undertaken " in the Vehicle Simulation Laboratory at Virginia Tech. In each
study, a simulated flight task emphasizing one of the four categories of
Berliner, Angell, and Shearer's (1964) universal behaviors was used as a pri-
mary task. A variety of physiological, opinion, secondary task, and primary
task workload metrics were “compared” in each study. The first three studies,
reported elsewhere, emphasized psychomotor activity (Wierwille and Connor,
1983), mediational processes (Rahimi and Wierwille, 1982), and perceptual pro-
cesses (Casali and Wierwille, 1982). The present study, reported herein, em-
phasized communicative activity in the simulated flight task.

There are many flight situations in which the aircraft pilot or crew are
subjected to high communications loads. In high-traffic terminal areas, work-
load requirements due to tasks such as holding pattern maintainence, chart
reading, and traffic avoidance may already be quite high. The communications
tasks in these areas are particularly frequent, difficult, and of high prior~
ity, further contributing to the total workload. Pilots must listen for mes-
sages and instructions referenced only by their aircraft registration number,

often under conditions of dense communication traffic and poor radio
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reception. A message intended for a particular aircraft is often embedded in
a near-continuous string of extraneous messages. Therefore, while the ﬁilot
may not be invol&ed in constant, active two-way conversation, he/she neverthe-
less must devote constant attention to the communications.aspect of the flight

task to detect messages and instructions intended specifically for his/her

aireraft.

Research Objective

In the experiment described here, sixteen different workload estimation
techniques were comparatively evaluated 1in a simulated flight task in which
pilot loading level was varied only on a communications dimension. The major
objective of the comparison process was to establish the relative sensitivity
and the differential intrusion of each technique in.application to a realistic
flight task which stressed the use of speech communication skills and be~
haviors.

Sensitivity and intrusion are two factors which have direct bearing on
the utility and viability of any mental workload estimation technique. A sen-
sitive workload estimation technique is defined as one which can reliably dis-
criminate between different levels of operator loading. The load (workload)
levels or changes in loading to be investigated should reflect alternatives of
interest in the test situation. Ultimately, sensitive techniques may be ap-
plicablg to workload assessment problemsv in which the levels to be compared
are dictated by such factors as alternative configurations of on-board equip-
ment, alternative procedures, differing mission objectives and goals, and al-
ternative crew sizes. Changes in mental workload influenced by these factors
may be large enough to cause degradations in aircraft control, increase at-
tentional demands to the point that time-sharing and omission of tasks occurs,
and reduce pilot ability in accomplishing mission objectives. It is these
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substantial changes in mental workload impositions that state-of-the-art work-
load measurement techniques attempt to assess.

Intrusion refers to an unde;irable, artificial wvariance 1in iastructed
task performance, solely attributable to the concurrent uée of a workload es-
timation technique, related procedure, or associated apparatus. Workload as-
sessment is contaminated by the presence of intrusion. Primary task perfor-
mance 1s altered artifactually and the indicated workload level may not be
representative of task requirements alone, Furthermore, techniques which
prove highly intrusive may degrade pilot control performance and create safety
hazards if applied in actual flight. |

Prior to the selection of a particular estimation technique for a given
application, both the sensitivity and the intrusion properties of the tech-
nique should be known. The consequences of selecting a nonoptimal technique
are quite serious. First, an insensitive technique which does not reliably
detect shifts in mental loading in a particular process may mask true differ-
ences in workload. Also, intrusive techniquesvmay alter performance of a fun-~
damental flight-related task, invalidating workload assessment results, be-
cause the pilot behaves in an unusual manner. Such biases could ultimately
lead to acceptance of a hazardous procedure or design, especially if overload

or near-overload conditions are present.
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EXPERIMENTAL METHOD

Subjects

A total of 30 pilots (29 males and one female) were used as subjects.
All were volunteers and were paid a nominal gratuity for participating. Only
subjects with a minimum of a VFR (visual flight rules) private pilot's liceqse
were permitted to participate. They ranged in piloting experience from 70
hours to 2500 hours with a mean of 379 hours.

In an effort to control for individual subject differences due to vari-
ations in logged flight time, assignment of subjects to experimental condi-
tions was done on the basis-of piloting experience in single—engine, general
aviation aircraft in hours. After the number of piloting hours for each sub-
ject was determined, a fank ordering of all experience levels (in hours) was
performed. This ranking was then divided into sextiles, with six subjects per
‘sextile. One subject was then selected at random from each sextile and as-—
signed to the first workload technique condition. This procedure continued
for all five technique conditions, resulting in a cross-sectional representa-
tion of six subjects, one from each experience lével sextile, for each tech-
nique condition. The only additional stipulation was that five of the sub-
jects in each condition were VFR-certified and the sixth subject was IFR

(instrument flight rules)-certified.

Fundamental Apparatus

All data were obtained in a Singer-Link model GAT-1B flight simulator
located in the Virginia Tech Vehicle Simulation Laboratory. This moving-base
(pitch, roll, yaw) simulator was extensively modified to enable collection of
workload-related measures. Necessary signals were obtained and processed on

line during each flight using an EAI-380 hybrid computer which was interfaced
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with the simulator's computational dynamics system. Measures were also dis-
played on a Sanborn model 350 stripchart recorder for permanent record.

In all conditions, the simulator was operated in the instrument flight
mode under flourescent room lightiﬁg, with translucent. blinders over each
cockpit window. This prevented subject distraction from irrelevant laboratory
cues and helped maintain a constant level of cockpit illumination.

Pilots in the GAT-1B communicated with the experimenter via a lapel mi-
crophone and cockpit speaker'system. The pilot's microphone was actuated by a
push~to-talk switch mounted on the control yoke of the simulator. For the
comminications aspect of each simulated flight task, a tape-recorded message
consisting of communications stimuli and flight-related instructions was pre-
sented over the cockpit speaker. A BIC model T-1 dual-channel ;assette re-
corder was used for playback of the communications tapes. Pilots' verbal re-
sponses and signals representing push-to-talk switch actuations were recorded
on separate channels of tape on a Sony model TC-270 reel-to-reel recorder.
These tapes were later used in the analysis of responses to the communications
task. A full description of the communications stimuli appears in the experi-

mental design sectionm.

Workload Estimation Measures and Apparatus

The sixteen workload estimation techniques investigated in this experi-
ment included some from each of the four categories described by the Wierwille
and Williges (1978) classification scheme: (1) opiﬁion (rating scale) mea-
sures, (2) spare mental capacity (secondary task) measures, (3) physiological
measures, and (4) primary task measures. Each of the measures (abbreviations
shown in parentheses) will be briefly discuséed below.

Modified Cooper-Harper scale (MCH) - Opinion. A modified version of the

Cooper-Harper (1969) aircraft handling qualities rating scale was used. The
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original Cooper-Harper scale is directed at aircraft handling qualities rating
and as such does not lend itself well to ratings of more general workload di-
mensions. Therefore, a modified version of the Cooper-Harper scale was de-
veloped by the experimenters. The flow diagram of the oeiginal scale was re-
tained, but the verbal descriptors were changed. The modified scale, while
still ordinal, is applicable to a wider variety of task workload applications,
including tasks with a communications emphasis. Immediately after each data
flight the actual measure obtained was the rated scale value, 1-10, given by
the pilot. The Modified Cooper-Harper scale and related instructions appear
in Casali (1982) and in Rahimi (1982).

Multi-descriptor scale (MD) - Opinion. The workload Multi-descriptor

rating scale, also developed at Virginia Tech, consisted of seven workload

“descriptors™ which were each rated independently of each other immediately

after a flight (Casali, 1982). This scale 1is to an extent based on the bi-
polar rating scale research conducted by Bird (1982). The ratings were done
on a linear equal-appearing interval scale of 11 discrete steps including a
center point. Descriptors included attentional demand, error level, diffi-
culty, task complexity, mental workload, stress level, and overload level.
For each flight, a single rating for the Multi-descriptor scale was computed
as the arithmetic mean of the obtained ratings on the seven descriptors.

Time estimation standard deviation (TE) - Secondary task. The method of

production was used for the time estimation task. Subjects performed this
task while they performed the primary flight task (Hart, 1976). Subjects were
prompted to begin mental production of a 10-second time interval by a one
second tape-recorded tone at 750 Hz played back over the cockpit speaker.

These prompt tones were so sequenced that they were not superimposed on

43



Casali and Wierwille

(transmitted over) the recorded message for the communications task. Each
pre-recorded prompt tone was separated by approximately 21 seconds on tape.
After hearing the tone, the_subject was instructed to press a yoke-mounted mi-
croswitch once to start the interval and once again té signal a l10-second
lapse. These switch depressions provided start and stop signals for an elec-
tronic timing circuit which provided a display of interval length.

It gshould be noted that the switch used for time estimation (and for tap~-
ping regularity) was actuated by the right thumb. The transmit switch used
for communications was actuated by the left thumb. The control yoke was
clearly labeled so that confusion of the two switches would be minimized.

For each flight, the standard deviation (in seconds) of the subject's
time interval estimates was computed. On some trials, the subject did not
initiate the beginning of an interval after the prompt. These trials were un-
usable and were deleted from the computation. Trials on which the subject
initiated the interval estimate but did not signal the end before the occur-
rence of the next prompt were scored as 20 seconds in length, Since 20
seconds was the time between the end of one tone and the beginning of the
next, the 20 second score represented the minimum possible (most conservative)
length of the subject's unfinished estimate.

Tapping regularity (TR) - Secondary task. Subjects in the tapping regu-

larity condition were instructed to tap (depress) the yoke-mounted microswitch
as regularly or rhythmically as possible at a rate . of one tap every two
seconds. Again, this secondary task was performed concurrently with the pri-
mary flight task and represented a variation of Michon's (1966) tapping task
procedure. The signals (taps) from the microswitch were inputted to a program
on the EAI-380 computer and the program output was analyzed for the 1length of
time  between successive taps. These first difference values were
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applied to the tapping regularity formula presented below, and a2 single regu-
larity value was obtained for each flight. Intervals between taps of greater
than five seconds in length were mapped to a value of five seconds in the the
computations, because longer intervals were unot tepreseQCative of the in-
instructed taﬁping rate and would heavily bias the formula.

The computational formula used for tapping regularity was

Ne Ny
== I Atjy - 7 I Atyy
Ne {1 M ja1
1 Ny
Nb z Atyp
i=]

where Aty = the time between consecutive taps (the 1th interval)
N = the number of intervals
b = the subscript associated with the baseline run, in which tapping
was performed alone.
e = the subscript associated with a data run in which tapping was per-
formed simultaneously with-the'flight tasks.

Respiration rate (RR) - Physiological. Subjects' respiration rates in

breaths—-per-minute were obtained surreptitiously using a transducer fabricated
in the Vehicle Simulation Laboratory (Casali and Wierwille, 1980). A strip-
chart trace representing the subject's respiratory behavior, obtained during a
flight, was later amalyzed for this frequency measure.

Heart rate mean (HRM) and standard deviation (HRSD) - Physiological.

These cardiovascular measures were sensed using a Hewlett-Packard plethysmo-
graph -patient monitor system, model 7807C, and processed using the EAI-380
computer. At the end of a seven-minute data-recording period, values corres-

ponding to heart rate mean and heart rate mean square (over the seven-minute
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period) were read f{rom the compﬁter. From these scaled vaiues, heart rate
means and standard &eviations in be§CS-per-minute were computed. It should be
noted that heart rate mean valueé were obtained from a different set of sub-
jects than heart rate standard deviations values so thag a between-subjects
comparison of the two measures could be performed.

Pupil diameter (PD) - Physiological. For continuous recording of sub-

jects' pupil diameter size during a flight, a closed-circuit television (CCTV)
system was used. Ambient illumination was held constant during a flight. A
close-up shot of the subject's right eye was obtained with a Panasonic model
PRK~700 color video camera with 6:1 servo-controlled zoom lens. The camera
signal was recorded on a Panasonic model NV-8310 videocassette recorde; at a
tape speed of 3.33 cm—per-second. After data collection, the videocassette
recorder’'s freeze-frame capability was use& to sample pupil-~iris ratio during
playback on a Setchell-Carlson model 12M918 monitor. The actual measure ob-
tained for each flight consisted of the mean of all samples of pupil size di-
vided by iris size (a dimensionless quantity), taken approximately every ten
seconds during a run. As an extra precaution pupil diameter was measured only
when the subject fixated on the attitude indicator.

Eyeblinks (EB) - Physiological. Utilizing the CCTV system, a frequency

count of the number of eyeblinks (right eye) was obtained during a flight.
The actual measure used was blinks-per-minute.

Eye fixations (EF) - Physiological. Again with the CCTV system, the num-

ber of subject eye fixations (fixations-per-minute) on any point on the simu-
lator instrument panel was obtained during each flight.

Control movements (CM) - Primary task. During each experimental flight,

the total number of elevator, aileron, and rudder inputs was tabulated on a

Fluke model 1900-A digital counter, after being processed on the EAI-380
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hybrid computer. This count was then divided by 420 seconds (seven minutes)

to obtain the number of control movements-per-second. A single movement was
said to occur whenever the particular control movement rate attained a veloc-—

ity greater than four percent of full movement range-per-second, after the

derivative of control position passed through zero.

Pitch high pass mean square (PHPMS) and roll high pass mean square

(RHPMS)- Primary task. The signals for these measures of flight task perform—

ance were obtained directly from the GAT-1B dynamics and inputted to high-pass
filtering and mean square computational programs on the hybrid computer. Fi-
nal values for each measure were in units of (tadians)z. Low~-frequency devi-
ations were filtered out to insure that differences in aircraft trim level be-
tween pilots would not mask true deviations in heading and attitude control,
as reflected in the pitch and roll angular excursions of the simulated air-
craft. Filter cut—off frequency for both pitch and roll was 0.05 radian-
per-second.

Errors of omission (ERRO) - Primary task. During a flight, an error of

omission was counted when the subject failed to respond to the aircraft's des-
ignated call sign, "One~Four-India-Echo,” or certain specified variations of
that call sign, including "One-India-Four-Echo,” "One-Ihdia-Echo—Four,“ “One-
Echo-Four-India,” "One-Echo~India-Four,” and "One-—Four-Echo-India."” On the
communications portion of the primary flight task, subjects were instructed to
respond to the above “"target” call signs by pressing the push-to-talk switch
and verbalizing the word "now™ to acknowledge detection. If a target call
sign was missed by the subject, an error of omission was scored. The total

number of errors of omission was obtained for each experimental flight.
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Errors of commission (ERRC) ~ Primary task. An error of commission was

said to occur if the subject pressed the push-to-talk switch and responded
"now” in response to a call sign other than one of thg six target signms.
These call signs were extraneous. Again, a total count of commission errors
was obtained during each flight.

Communications response time (CRT) - Primary task. For each correct re-

sponse to the target call signs on the communications task, the response time
in seconds was obtained. A mean response time was then computed for each data
run. Response times were extracted after the completion of the experiment
from the magnetic tape record of the subject's transmissions during flight.
Regponse time was measured from the emd of the spoken message (call sign) to

the beginning of the subject's "now" response.

Experimental Design

Due to the dual objective of this study, it was most efficient, on the
basis of conserving pilot resources, to collect two sets of data, one for the
sensitivity analysis and one for the intrusion analysis simultaneously. A
mixed three-by-five complete factorial design, shown in Table 1, was used for

data collection. Communications 1load level was a fixed-effects, within-

(Insert Table 1 about here)

subject variable. Workload estimation technique group was a fixed-effects,
between-subjects variable. Using six subjects (random-effects) per technique
group, it was possible to completely counterbalance the presentation order of

load 1levels across subjects to protect against habituation or practice ef-

fects.

Technique group independent variable. In three of the five technique

groups, more than one workload estimation technique was obtained from each
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subject. The selection of individual workload measures for inclusion in each
group was done on the basis of their apparent independence‘and mutual lack of
intrusion. The investigators' opérational experience with these techniques,
combined with the intrusion results from three other studies (Casali and Wier-
wille, 1982; Rahimi and Wierwille, 1982; Wierwille aund Connor, 1983) were ex-
ercised in making the judgments for the groupings.

- The second objective of the study, the intrusion investigation, provided
another constant for assigning estimation techniques to groups. The experi-
mental design for the intrusion investigation was structured to answer the
fundamental question: Does the use of certain workload estimation’techniques

result in differential influence on known measures of primary task perfor-

mance? Thereforé, to enable comparison of workload measures as to their in-
trusion level, it was necessary to assign measures of interest to different
technique groups. In particular, the following groups of measures were of in-
terest to the differential intrusion investigation: eye behavior measures,
respiration rate, heart rate standard deviation, tapping regularity, and time
estimation. The experimentél design for collection of intrusion data, concur-
rent with sensitivity data, was identical to that of the design matrix shown
in Table 1. The major difference between the sensitivity design and the in-
trusion design was in the type of dependent measure used. The sensitivity de-
sign was univariate, in that a single dependeﬁt measure called “score” was ob-
tained for each technique. 'The'incrusion design was multi?ariate, in that
five primary task dependent measures, including RHPMS, PHRMS, CM, ERRO, and
ERRC were unobtrusively obtained in each workload technique group. Note that
in groups one, two, and five, primary task measures were considered in the
sensitivity analysis, while in all groups, the five primary task measures were

obtained but considered only in the intrusion analysis.
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Loading independent variable. The second independent variable shown in

Table 1 varied with respect to the loading level associated with the flight
task (primary task). Each subject pilot flew three expgrimental flights in
the simulator. A single communications loading level was used in each flight.

The primary task in the experiment consisted of two major aspects: the
aircraft control aspect and the communications aspect. Subjects were told to
strive to maintain adequate (specified) performance on all aspects of the pri-
mary task.

For the aircraft control aspect, which was invariant in difficulty across
the three flights, subjects were. instructed to fly straight and level while
maintaining the assigned aititude within + 100 feet (30.5 meters), the as-
signed heading within + 5 degrees (0.087 radians), and the assigned airspeed
within + 10 miles-per-hour (16.1 km-per-hour).

In addition to the control aspect of the flight task, the subject was re-
quired to agtend to an eight-minute tape-recorded message presented over the
cockpit speaker during flight., This was the communications aspect of the pri-
mary task. Part of the message consisted of a series of flight-related in-
structions to carry out certain commands including maneuvers, adjustments, and
radio cransmissions. These instructions varied only in their sequence of pre-
sentation across flights, and consisted of “tower"” commands to change heading,
change altitude, report present altitude and heading, report aircraft model
(Cessna 150) and call sign (Cessna-One-Four-India-Echo), change altimeter set-
ting, change radio frequency, and report airspeed. Between instructions, a
series of abbreviated aircraft call signs were presented over the speaker.
Each call sign or stimulus consisted of two single—digit numbers and two
phonetic letters, combined in any order, such as Six-Alpha-Niner-Foxtrot and

One-Seven-Bravo-Zulu. Subjects were instructed to depress the push-
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to-talk switch and utter "now™ whenever a target call sign ' was transmitted,
and not to respond to extraneous call sigms. A placard located on the simu-
lator instrument panel was used to remind subjects of the particular target
call siéns.

1ists of call signs were randomly constructed from the numbers 0-9 and
the international phonetic alphabet. The only exceptions to the random stimu-
11 construction process was the selection of target call signs (e.g., One-
India-Four-Echo) and presentations of target call sign alphanumerics (e.g.,
India-One-Four-Echo). The call sign recognition portion of the communications
task was used to manipulate workload level between flights. In the low condi-
tidn, call signs weré presented at the rate of one every 12 seconds on aver-
age, and none of the extraneous (non-target) call signs were permutations of
alphanumerics used in target call signs. The medium condition rate was one
call sign every five seconds on average and 36 percent of the extraneous call
signs were permutations. In the high workload condition, call signs were pre-
sented at an average rate of one every two seconds, and 40 percent of non-
target call signs were target permutations.

On the communications task, subjects were instructed that adequate per-
formance consisted of correctly carrying out all instructed commands and cor-

rectly identifying all target call signs as quickly as possible.

Procedure

After reading a description of the experiment and signing a consent form,
subjects boarded the simulator and received instructions pertaining to their
particular workload technique group condition. For 1instance, subjects in
group 1 first received instructions concerning the use of the Modified Cocper-
Harper scale. All subjects 1in groups 3 and 4 received practice on the par-

ticular secondary task to which they had been assigned.
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The next set of instructions given to all subjects, regardless of their
assigned technique group, specified the objectives, procedures, and adequate
performance parameters of the primary task. Subjects then flew an eight-
minute practice fligh; which gave them experience on all aspects of the pri-
mary task. Secondary task subjects (groups 3 and 4) again received practice
on their particular secondary task, which was presented during the last three
minutes of the practice flight concurrently with the communications task.
Next, each subject flew three consecutive individual experimental (data)
flights.

The three flights did not differ in terms of the aircraft control demands
placed on the subject. A mild turbulence, having amplitude peaks of approx-
imately 6 miles-per-hour (9.7 lm/hr), was applied over the duration of each
flight using the GAT-1B random gust generator. This turbulence forced the
subject to scan the basic flight instruments and make control inputs, even
when there were no commanded flight path changes taking place. Again, the
flight task emﬁhasized the speech communications aspects of pilot behavior.

In each of the three data flights, subjects were exposed to the loading
level of the communications task one minute prior to data collection. All
physiological, secondary task, and primary task measures were obtained over a
continuous seven-minute interval, immediately following the initial one-minute
exposure, Immediately after the data collection interval, rating scale sub-
jects performed their ratings while the simulator was under autopilot control.

Following the third data flight, the subject landed the simulated aircraft,

was debriefed and paid for participation, and then was dismissed.
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RESULTS

The data analysis procedures for this experiment were divided into two
separate sets, each set having different objectives. The primary analysis was
that of sensitivity and the secondary analysis was that of intrusion. These

analyses are treated individually.

Sensitivity Analysis

The objective of the sensitivity analysis was two-fold: (1) to determine

the overall sensitivity of the various workload estimation techniques to

changes in commnications loading, and (2) to establish the relative sensi-

tivity among techniques to changes in loading levels, ultimately providing em-

pirical grounds for selecting or rejecting a technique for applied workload

investigations.

Sensitivity data reduction. Firsﬁ, the raw "scores” for each workload
estimation technique, such as those in the form of scaled values from the EAI-
380 amplifier circuits, were converted to numerical values applicable to data
analysis. Next, the “reduced” scores for each technique were standardized
across all three loading levels, 1i.e., converted to Z-scores, to insure that
true sensitivity differences among techniques were not clouded by scaling mea-—
surement differences among various techniques, such as breaths-per-minute ver-
sus Modified Cooper-Harper scale values. This standardization procedure,
having some precedent in the workload 1literature, is further discussed in
Wierwille and Gutmann (1978) and Hicks and Wierwille (1979). All of the fol-
lowing sensitivity-related analyses were performed on the standardized data

set using a SAS computer package (SAS Institute, 1979).

Overall senstivity ANOVA. The standardized data set was initially sub-

jected to a three-by-sixteen analysis of various procedure (Table 2). All
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(Insert Table 2 about here)

sixteen workload esﬁimation techniques were considere§ as between-subjects
measures in this analysis, even though those techniques within a single tech-:
nique group were obtained from the same subject. However, it should be re-
called that techniques within a single group were believed to be mutually in-
dependent and mutually unintrusive. Also, the purpose of this initial ANGVA
was simply to determine (1) if the method of workload manipulation was effec-
tive (as evidenced by a loéd main effect) and, (2) if the estimation tech-
niques were differentially influenced by the loading task (as evidenced by a
load-by-technique interaction effect). In the latter case, the presence of
the significant interactionm, F (30,160) = 3.70, p = 0.0001, allowed the in-
vestigation of relative technique sensitivity to proceed. In the former case,

the strong main effect of load, F (2,160) = 14.13, p = 0.0001, demonstrated
that the method of manipulating communications load was indeed effective. Of

course, due to the standardization of technique scores across 1loading levels,

a main effect of technique was not possible, F (15,80) = 0.00, p = 1.0000.

Individual technique sensitivity ANOVAs. The reliable load-by-technique

interaction obtained in the overall ANOVA suggested that the techniques were
differentially sensitive to communications load. Therefore, the next step in
the relative sensitivity analysis was to examine this interaction effect to
determine which particular techniques varied with respect to load and with
what degree of discriminability among loading levels. Simple-effects F-tests
would typically be used in such a capacity. However, because these tests nor-
mally consider the L x S/T interaction from the overall ANOVA as the denomina-
tor (error) term in the F-ratios, their application is 1implicitly

predicated on the assumption that variances among the various techniques are
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homogeneous in nature. To test this assumption, a Hartley's F-max test was
performed (Winer, 1971). This test revealed significant heterogeneity of
variance among techniques, F-max (16,10) = 103.37, p < 0.001. Therefore, in-
dividual ANOVAs were applied to each of the 16 techniques Qersus load. These
ANOVAs did not require homogenity of variance among techniques because each
ANOVA utilized a unique error term (subject-by-load) for each technique. The
summary tables for the individual ANOVAs appear in Table 3. As shown in the

table, load had a significant effect on at 1least one technique from each

(Insert Table 3 about here)

of the four major technique categories. The remainder of the discussion of
gsensitivity results will be presented by workload technique category.

Opinion measures' sensitivity. Both opinion measures were highly sensi-

tive to changes in 1load: the Modified Cooper-Harper scale at F (2,10) =
13.57,_3 = 0.0014 and the Multi-descriptar scale at F (2,10) = 5.73, p=
0.0219. Due to the app#rent ordinality of the rating scale measurements,
especially of the Modified Cooper-Harper scale, the ANOVA results were cor-
roborated with the results of nonparametric Friedman rank-sum tests (Hollander
and Wolfe, 1973) applied to each rating scale. The Freidman results were in
agreement with those yielded by the ANOVAs, with S'(2) = 11.14, p < 0.005 for
the Modified Cooper-Harper scale and S'(2) = 9.00, p < 0.025 for the Multi-
descriptor scale.

The mean standardized scores obtained on the Modified Cooper-Harper scale

are plotted as a function of load in Figure 1. To examine the locus and

(Ingsert Figure 1 about here)

direction of the 1load effect on the Modifed Cooper-Harper technique, a
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Duncan's Multiple Range Test was apﬁlied (Duncan, 1975). The results of this
test, designated by the letters within the graph in Figure i, showed that the
Modified Cooper-Harper scale rafings reliably increaﬁed in value between low
and medium load, between low and high load, but not begween medivm and high
load, (at a p < 0.05 criterion level).

fhe Multi-descripCOf scale was not as sensitive to load (at p < 0.05) as

the Modified Cooper-Harper scale (Figure 2). According to the Duncan's test

(Insert Figure 2 about here)

results, Multi-descriptor ratings reliably increased only between low and high

loading levels at the 0.05 level.

Secondary task measures' sensitivity. The tapping regularity measure did

not exhibit sensitivity at the 0.05 level (Table 3). However, the time esti-
mation secondary task was quite sensitive to changes in communications load, F
(2,10) = 9.27, p = 0.0053. The variability of subjects' time estimates in-
creased as communications load increased. Specifically the Duncan's test re-
vealed that time 'es:imation standard deviation scores reliably differed be-
tween all loading levels with the exception of medium and high. This effect

is plotted in Figure 3.

(Insert Figure 3 about here)

Physiological measures' sensitivity. The sole physiological measure to

display sensitivity to changes in communications load was the pupil diameter
measure, F (2,10) = 5,90, p = 0.0203. No other physiological measures ap-
proached significance in the individual ANOVAs (all at p > 0.30). The pupil
diameter measure reliably discriminated low and medium, low and high, but not

medium and high loading levels, according to the Duncan's test (Figure 4).
56



Casali and Wierwille

(Insert Figure 4 about here)

Primary task measures sensitivity. Each of the three primary task mea-

sures which directly reflected subjects' performance on the communications as-
pect of the primary task were significantly affected by communications load:
the errors of omission measure at F (2,10) = 9.79, p = 0.0044, the errors of
commission measure at F (2,10) = 20.90, p = 0.0003, and the communications re-
sponse time measure at F (2,10) = 4,15, p = 0.0486. As shown in Table 3, none
of the aircraft control primary task measures (control movements, pitch high-
pass mean square, and roll high—-pass mean square) were reliably affected by
changes in communications load (all at p > 0.40). There were more errors of
omission and more errors of commission as the comﬁunications burden increased,
as shown in Figures 5 and 6. The omission measure reliably discriminated be-

tween low and medium, and between low and high, but not between

(Insert Figure 5 and 6 about here)

medium and high loading levels, according to the Duncan’s'test (Figure 5).
Commission errors were significéntly greater in number under high 1load condi-
tions than under medium or low load conditions (Figure 6). But the commission
errors under medium load were not significantly greater than under 1low load.
The response time measure showed a monotonic decrease from low load to medium
load to high load; however, the decrease was only significant between the low

and high levels (Figure 7).

(Insert Figure 7 about here)
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Intrusion Analysis

The objective of the intrusion analysis was to investigate the potential
presence of undesirable, artificial changes in primary gask performance that
were attributable to the introduction of a particular group of workload esti-
mation techniques and associated apparatus. As previously discussed, the in-
trusion analysis was applied to five primary task measures which were obtained
in all cells of the experimental design concurrently with the sensitivity data -
(Table 1). This design was structured to answer the 1initial multivariate

question: Were the workload technique groups differentially responsible for

changes in performance on the primary task measures of errors of omissionm,
errors of commission, control movements, pitch high pass mean square, and roll

high pass mean square?

Intrusion MANOVA. Due to the multiplicity of dependent measures, it was

necessary to apply a multivariate analysis of variance (MANOVA) to the intru-
sion data set (Table 4). With the MANOVA, the Wilk's U criterion values were
obtained for all independent effects shown in ﬁhe summary table (Cramer,
1972). The MANOVA demonstrated that load was the only significant independent
effect, U (2,50) = 0.1640, p < 0.0l1. This result simply corroborated the sig-
nificant main effect of load found in the overall sensitivity ANOVA (Table 2),
demonstrating that communications load was indeed effectively manipulated in
the experiment. The MANOVA load main effect, however, had no bearing on the
interpretation of the intrusion analysis. If differential intrusion among
technique groups had occurred, it would have been manifested as a significant
technique effect or embedded in a significant load-by-technique effect. Be-
cause technique demonstrated no main effect, U (4,25) = 0.34, p > 0.03, and
because there was no significant interaction of load with technique, U (8,50)
= 0,38, p > 0.05, differential intrusion appeared not to have been a factor in

this study. 58
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CONCLUSIONS

Sengitivity Conclusions

Of the 16 workload measures investigated in this study, seven of the mea-
sures yielded some sensitivity to communications load while nine did not. The
insensitive measures will be discussed first,

4
Insengitive techniques. As shown in Table 3, eight of the nine insensi-

tive measures were not close to statistical significance (all at p > 0.36).
However, the tapping regularity measure approached significance at p < 0.0781,
but did not meet the selected p < 0.05 cutoff level chosen by the investi-
gators. The relatively conservative p < 0.05 level was adhered to because of
the probability of committing a Type I error due to chance, considering the
large number (16) of techniques investigated. In any case, an estimate of the
sample size required for obtaining significance at the p < 0.05 level was com—
puted for all insensitive techniques using a power test (Keppel, 1973). This
estimaté of the number of subject required provides a means of comparing the
discrimination power of the insensitive techniques with that of the sensitive
techniques, which each yielded significance at least at the p < 0.05 level
with only six subjects. The results of the sample size estimates are present-~

ed in Table S.

(Insert Table 5 about here)

Interestingly, at least one technique from each category exhibited a re~
liable effect of load. Each category will be discussed separately.

Opinion techniques. Both of the rating scales demonstrated distinet

monotonic increases in pilots' ratings of workload as a function of communica-
tions load. The Modified Cooper-Harper scale showed discrimination ability

within each pair of loading levels except medium~high, However, the
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medium-high pair also showed a similar compression effect with two other mea-
.sures which displayed equal disc:iminability to the Modified Cooper-Harper
scale, including time estimation and errors of omission. Despite the lack of
significance of the scale within the medium-high pair, M$dified Cooper-Harper
scale values did follow a monotonically-increasing trend (Figure 1). The
Multi-descriptor scale was revealed less sensitive to adjacent workload levels
(low-medium and medium-high) than the Modified Cooper-Harper scale. From
these findings, it appears that the Multi-descriptor scale, in its present
form, would only be applicable to workload assessment or comparison situations
in which differences 1in the communications burden between alternative situa-
tions are known beforehand to be widespread. Perhaps due to the specificity
of communications tasks, new workload descriptors need to.be incorporated into
the scale prior to further investigation of the scale's sensitivity to
comminications—type load.

The rating scale results of the present study are in close agreement with
those of other recent studies. The Multi-descriptor and especially the Modi-
fied Cooper—ﬁarper scale were found to be among the most sensitive of tech-
niques in simulated flight tasks emphasizing psychomotor load (Wierwille and
Connor, 1983), perceptual 1load (Casali and Wierwille, 1982), and.mediational
load (Rahimi and Wierwille, 1982).

Secondary task techniques. The variability of pilot's time estimates re-

liably and monotonically increased with increase in commnications load (Fig-
ure 3). This increase was significant for all but the medium-high pair, where
compression again occurred. One explanation for the increased variability of
time estimates in higher communications workload conditions is based on the
strategy that the “estimator” adopts (Hart and McPherson, 1976). In low or

moderate primary task load situations, the subject may be able to
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make a conscious, sustained effort to monitor the passége of time—an active
estimate. However, as primary task load increases, resulting in competition
between concurrent activities, the subject's attention is diverted from the
active mode of time estimation. The subject may begin to estimate elapsed
time by memory, basing the estimates on the recall of events that occurred
during the period since the end of the last estimate. In this "retrospective™
mode, estimates would be expected to become more variable iﬁ length due to the
interference of concurrent activity. Similar results for the time estimation
standard deviation measure were obtained in the psychomotor, perceptual, and

mediational studies mentioned above,

Physiological techniques. Pupil diameter was the sole physiological mea=

sure to reflect changes in communications load reliably. However, this effect
must be considered somewhat suspect due to the double-values function (non-
monotonic) shown in the plot of pupil diameter versus load ‘(Figure 4). Also,
the apparatus for obtaining the pupil diameter measurements, the CCTV system,
was not the most sophisticated available. The CCTV system was originally in-
tended for use in obtaining eye behavior frequency-type measures, which did
not require as high degree of resolution as pupillary measurement, such as
eyeblink count and eye fixations per unit time.

Primary task techniques. The introduction of high levels of communica-

tions load apparently did not degrade the subject pilots' ability to control
the aircraft, as evidenced by the distinct lack of significance for the pri-
mary task measures of aileron-elevator-rudder movements, pitch deviation, and
roll deviationm. However, the primary task measures which reflected communi-
cations task performance each did show changes with load. In particular, both
the number of omission errors and commmission errors on the call sign recogni-

tion task reliably and monotonically increased as load increased.
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Interestingly, the response time measure showed a reverse trend. Response
times to target call signs decreased as communications load increased, and the
amount of decrease was significant only between low and high 1loading levels
(Figure 7). At first glance this result may appear spurious, but at least one
explanation may exist. It was particularly apparent in low loading conditions
that because there were long periods of éilence between the presentatiouns §f
call signs, subjects tended to forget the presence of the communications part
of the primary task and concentrate on maintaining instructed flight para-
meters, When a call sign did occur following a period of silence, the subject
pilot may not have been "primed”™ for the response, This would have resulted
in the longer response times for the low condition. In the high condition the
call sgigns were presented almost continuously with few periods of silence.
Therefore, the subject was constantly reminded of the imminence of a target
call sign simply by the ongoing taped presentation of extraneous call signs.
Perhaps the continuity of the high workload call sign recognition task raised
the subject's level of awareness and increased the preparedness to respond,

resulting in shorter response time.

Intrusion Conclusions

Workload measurement appeared not to be contaminated by intrusion in this
experiment, Due to the duality of the experimental désign for investigating
sensitivity as well as intrusion, only differential intrusion among technique
groups could be assessed. The finding of no signific#nt intrusion in the pre-
sent study was in general agreement with the three earlier studies on psycho-
motor, perceptual, and mediational load with one exceptionm. The Rahimi and
Wierwille (1982) study revealed that time estimation and heart rate mean mea-
sures had an intrusive effect on mediational primary task measures. The heart

rate measure's effect is difficult to explain  because of the
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unobtrusive nature of the plethysmograph system. The time estimation measure,
due to the fact that it in itself creates an increase in concurrent activity,
certainly would be expected to interfere or at least compete with primary task
performance. One explanation for the difference in time estimation findings
for the Rahiml and Wierwille study and the present study is as follows. In
the former study, the time estimation “prompt"” stimuli and the mediational
task stimulli were presented to the subject through separate sensory input
channels: the prompts were auditorially-presented and the mediational stimuli
were visually-presented. It appeared that subjects .may have attempted to
time-share between inputs, causing the intrﬁsion. In the present study, both
the time estimation prompts and the communications task wers presented audi-
torially. Subjects were observed to disregard the secondary task at times
when the communications burden was high., Perhaps the log-jamming of two tasks
on one sensory channel made time-sharing more difficult, and subjects tended
to "blank” the time estimation task in favor of the more critical communica-

tions task. As a result, the secondary task did not interfere substantially

with primary task performance.
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SUMMARY

The results of this study suggest that with highly-trained populations
such as pilots, rating scales are sensitive measurement instruments. Rating
scales are particularly attractive also because they are inexpensive, unobtru-
sive, easily administered, and readily transferable to full-scale aircraft and
to a wide range of tasks. One secondary task measure, that of time standard
deviation, also exhibited considerable sensitivity to communications load.
However, chis'measure is not so easy to implement in full-scale aircraft as a
rating scale and also may intrude on primary task performance if workload con-
ditions are spread further apart than in this study, or if ofher sensory input
modalities are overburdened, resulting in time-sharing. Physiological mea-
sures, as a whole, were not sensitive metrics of communications load nor were
aircraft control-related primary task measures. However, primary task mea-
sures which directly reflected instructed performance on the communications

.
task were most discriminating. Of course, theAtask specificity of these mea-

sures restricts their utility for application to other primary tasks.
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TABLE 1

Experimental Design Matrix

 COMMUNICATIONS LOAD (W/S)

Group
Number LOW MEDIUM HIGH
(B/S)
1 Sl -36 51-56 31—36
2 §7 - 812 87 - 812 §7 - S12
3 513 - S18 S13 - S18 S13 - S8
4 S19 - S24 $19 = Sa24 S19 = S24
5 S35 = S30 S25 = S30 S25 = S30
WORKLOAD TECHNIQUE GROUPS:
Group Number Techniques Included
1 MCH, HRM, PD, EB, EF, RHPMS, CRT
2 MD, HRSD, PHPMS, ERRC
3 TR
4 TE

5 RR, ERRO, CM
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TABLE 2

ANOVA Summary Table for Overall Technique by load Sensitivity Analysis

Source af Ss F P
Between—-Subjects
Technique (T) 15 0.0000 0.00 1.0000
Subjects (S)/T 80 193.1008
Within-Subjects
Load (L) 2 7.4653 14,13 0.0001
LxT 30 29.3224 3.70 0.0001
L x S/T 160 42,2537
Total 287 272,1429
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TABLE 3

Summary Tables for the Individual Technique ANOVAS

Source df Ss F P
Technique: Modified Cooper-Harper Scale
Load 2 5.6003 13.57 0.0014
Subject x Load 10 2.0635
Technique: Multi-Descriptor Scale
Load 2 2.9157 5.73 0.0219
Subject x Load 10 2.5429
Technique: Time Estimation
Load 2 3.9619 9.27 0.0053
Subject x Load 10 2.1362
Technique: Tapping Regularity
Load 2 0.1954 3.33 0.0781
Subject x Load 10 0.2936
Technique: Respiration Rate
Load 2 0.0696 0.17 0.8436
Subject x Load 10 2,0112
Technique: Heart Rate Mean
Load 2 0.0472 0.74 0.5037
Subject x load 10 0.3210
Technique: Heart Rate Standard Deviation
Load 2 1.7718 » 0.74 0.5022
Subject x Load 10 11,9982
Technique: Pupil Diameter
Load 2 0.1369 5.90 0.0203
Subfect x Load 10 0.1161
Technique: Eye Blinks
Load 2 0.0273 0.28 0.7588

Subject x Load 10 0.4814
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TABLE 3 Continued

Source df Ss F P
Technique: Eye Fixations
Load 2 0.2742 1.13 0.3619
Subject x Load 10 1.2166
Technique: Control Movements
Load 2 0.4540 0.69 0.5252
Subject x Load 10 3.3030
Technique: Pitch High Pass Mean Square
Load 2 1.3113 0.95 0.4182
Subject x Load 10 6.8846
Technique: Roll High Pass Mean Square
Load 2 0.0327 0.26 0.7771
Subject x Load 10 0.6318
Technique: Errors of Omission
Load 2 6.6719 9.79 0.0044
Subject x Load 10 3.4087
Technique: Errors of Commission
Load 2 11.5964 20.90 0.0003
Subject x Load 10 2.7738
Technique: Communications Response Time
Load 2 1.7211 4,15 0.0486
Subject x Load 10 2.0713
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TABLE 4

MANOVA Summary Table for Ihtrusion'Analysis

Source v dfy dfg u P
Between-Subijects
Technique (T) 5 4 25 0.34 >0.05
Subjects (S)/T (Error Term for T)
Within-Subject
Load (L) 5 2 50 0.16 <0.01
LxT ) 8 50 0.38 >0.05
L xS/T (Error Term for L, L x T)

where: dv = number of dependent measures
dfy = degrees of freedom fér treatment effect
dfg = degrees of freedom for error effect

Wilk's likelihood ratio statistic

f=
]
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TABLE 5

Estimated Sample Sizes for Obtaining a Significant Load Effect for the
Insensitive Techniques

Technique Required Sample Size

Opinion
(all significant) -_—

 Secondary Task

Tapping Regularity 15
Physiological

Respiration Rate 38

Heart Rate Mean >100

Heart Rate Standard Deviation >100

Eye Blinks . 42

Eye Fixations >100

Primary Task

Control Movements 98
Pitch High Pass Mean Square >100
Roll High Pass Mean Square 42

*At p < 0.05 and with power > 0.80. Sample sizes greater than 100 are

designated by ">100".
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Figure 1. Effect of load on mean étandardized scores for the Modified Cooper-

Harper rating scale technique. (Means with different letters are

significantly differenc, p < 0.05).
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Figure 2. Effect of load on mean standardized score for the Multi-descriptor

rating scale technique. (Means with different letters are signifi-

cantly different, p < 0.05).

76



1.5

0.0

MEAN Z-SCORE

- 1.0 —

Low Mep1um HiGH

Figure 3. Effect of load oﬁ pean standardized scores for the time estimation

standard deviation technique. (Means with different letters are

significantly different, p < 0.05).
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Figure 4., Effect of load on mean standarized scores for the pupil diameﬁér

technique. (Means with different letters are significantly differ-

ent, p < 0.05).
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Figure 5. Effect of load on mean standardized scores for the errors of omié—

sion technique. (Means with different letters are significantly

different, p < 0.05).
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Figure 6. Effect of load on mean standardized scores for the errors of com—

mission technique. (Means with different letters are significantly

different, p < 0.05).
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Figure 7, Effect of load on mean standardized scores for the communications

response time technique. (Means with different letters are sig-

nificantly different, p < 0.05).
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